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Abstract: M-plane GaN thin films grown on γ-LiAlO2 substrate were 
investigated at different temperatures by photoluminescence (PL) and time-
resolved photoluminescence (TRPL) spectroscopy. The origin of two 
distinct emissions, P1 and P2 observed in the PL spectra were established by 
analyzing their PL and TRPL properties at different temperatures. The P1 
emission is attributed to the excitons bound to the stacking faults (SFs). The 
P2 shows an anomalous “S-shaped” emission shift with increasing 
temperature (T), and the associated mechanism is discussed. The radiative 
life time ‘τr’ for P2 emission exhibits the T 3/2 dependence at higher 
temperatures and deviates at lower temperatures whereas the radiative life 
time ‘τr’ for P1 emission does not show the T 3/2 dependence with 
temperature. The polarization-dependent PL study reveals that P2 emission 
involves free holes in the transition at room temperature. 
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1. Introduction 
GaN based heterostructures have been employed as potential candidates for optoelectronic 
devices in the ultraviolet and visible range of the electromagnetic spectrum [1]. The devices 
based on polar c-plane (0001) GaN have significant drawbacks due to the quantum confined 
Stark effect (QCSE) [2]. The QCSE is caused by the electrostatic fields induced due to the 
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spontaneous and piezoelectric polarization along the c-axis of GaN [3]. In group III-nitride 
based heterostructures grown along the c-axis, a strong electric field generated due to 
polarization discontinuities at the interfaces results in band tilting and decreases in the 
overlapping of the electron and hole wave functions within the quantum wells resulting in 
diminution in device efficiency [4]. The reduction of the oscillator strength and the redshift of 
the optical transitions with increasing quantum well thickness due to such built-in electric 
field in both InGaN/GaN and GaN/AlGaN heterostructures have been reported [5–8]. The 
polarization effects can be overcome if the heterostructures are fabricated in the nonpolar 
orientations perpendicular to the c-axis of GaN. Thus, the nonpolar a-plane and m-plane GaN 
films do not have the built-in electric field and are expected to be superior over the c-plane 
GaN thin films for high efficiency optoelectronic device fabrication. By contrast, the internal 
quantum efficiency of devices based on nonpolar GaN is still lower than that on polar c-plane 
GaN due to the presence of a high density of structural defects such as threading dislocations 
(TDs) and basal-plane stacking faults (BSFs) [1, 2, 9–11]. Therefore, an extensive 
investigation on the optical properties of nonpolar GaN thin layers is inevitable to realize 
optoelectronic devices based on nonpolar GaN. Paskov et al. [4] have studied the emission 
properties of a-plane GaN grown by metal-organic chemical-vapor deposition on r-plane 
sapphire and observed different emission bands in the spectral range 3.0–3.5 eV including 
emissions from stacking faults (SFs). GaN based a-plane quantum well structures grown on 
foreign substrates and a-plane GaN template have been widely investigated [12–14]. 
Recently, Roberts et al. [14] have reported spectroscopic investigations on asymmetric 
InGaN/GaN multiple quantum wells grown on non-polar a-plane GaN substrates. However, 
the spectroscopic investigation on m-plane GaN has rarely been reported in spite of the 
significant interest on the growth of m-plane GaN on different substrates by various 
techniques [2, 15–17]. In this paper, we have investigated in detail the m-plane GaN thin films 
grown on γ-LiAlO2 substrate by photoluminescence (PL) and time-resolved 
photoluminescence (TRPL) at different temperatures. Two distinct emissions, P1 and P2 are 
observed in the PL spectra in which P1 emission dominates the PL spectrum at low 
temperatures whereas P2 emission dominates at higher temperatures. The P2 emission shows 
an “S-shaped” shift with increasing temperature. The radiative life time τr for P2 emission 
exhibits a T 3/2 dependence at higher temperatures and deviates at lower temperatures whereas 
the radiative life time τr for P1 emission does not show the T 3/2 dependence with temperature. 
The polarization- dependent PL study reveals that P2 emission involves free holes in the 
transition at room temperature. 
2. Experimental 
M-plane GaN thin films of about 1.1 µm thickness with different N/Ga flux ratios (33, 43 and 
57) were grown by plasma-assisted molecular beam epitaxy on γ-LiAlO2 (100) substrate. The 
details about the growth procedure are described elsewhere [16]. The thin films were 
characterized by x-ray diffraction (XRD) and scanning electron microscopy (SEM). The PL 
and TRPL measurements of different m-plane GaN thin films were performed at different 
temperatures using a He closed cycle cryostat. The frequency tripled output (~4.6 eV) of Ti: 
Sapphire laser (pulse width ~100 fs, repetition rate = 80 MHz) operating at 1.53 eV was used 
as the excitation source. A Si detector and standard lock-in detection technique were 
employed to record the PL. A time correlated single photon counting (TCSPC) detection 
instrument with temporal resolution of 150 ps was used to perform the TRPL experiment. The 
polarization-dependent PL experiment was carried out by rotating the polarization of the input 
laser beam with respect to the c-axis from φ = – 90° to 90°. The φ = 0° (90°) corresponds to 
E || c (E ⊥ c); where E is the electric field vector and φ is the polarization angle. 
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3. Results and discussion 
The m-plane GaN thin films grown with N/Ga flux ratio of 33, 43 and 57 are designated as 
sample A, B and C, respectively. The XRD spectra shown in Fig. 1 have primarily two 
diffraction peaks corresponding to m-plane GaN and γ-LiAlO2 substrate for all the 
investigated samples. The diffraction peak corresponding to m-plane GaN is at 32.31° for all 
three samples which does not show shift with N/Ga flux ratio. However, the full width at half 
maximum (FWHM) increases from 521 to 537 arcsec with the N/Ga flux ratio, indicating the 
increase of defect density with the N/Ga flux ratio. 
SEM images of sample A – C are shown in Fig. 2. The density of pits and cracks observed 
in SEM images increases with increase in the N/Ga flux ratio i.e. from sample A to C which is 
consistent with the broadening of the diffraction line corresponding to the m-plane GaN 
indicating the increase of defect density with increase of the N/Ga flux ratio. It has been 
reported that the cause of these pits and cracks could be due to Ga adatom incorporation 
kinetics [18], and extended defects present in the form of threading dislocations (TDs) and 
basal-plane stacking faults (BSFs) [2]. 
In Fig. 3, two different emission bands named as P1 and P2 are observed in the PL spectra 
at different temperatures. The evolution of P1 with temperature is different from that of P2 
which indicates that P1 and P2 are not related through phonon assisted transitions. Moreover, 
P2 dominates the PL spectrum at higher temperatures; whereas P1 dominates at lower 
temperatures and quenches faster than P2 with increasing temperature. We have considered 
sample B with intermediate N/Ga flux ratio of 43 in this study as a representative of all 
samples for further analysis of the temperature dependence of P1 and P2. The peak energies of 
P1 and P2 at 14 K in sample B determined by curve fitting are at about 3.36 and 3.40 eV, 
respectively. 
 
Fig. 1. XRD spectra of sample A-C contain mainly two diffraction peaks corresponding to m-
plane GaN thin films and γ-LiAlO2 substrate. 
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 Fig. 2. SEM images of Sample A, B, and C. 
As evident from Fig. 3, the intensity of the P1 emission band increases with increasing 
N/Ga flux ratio i.e. from sample A to sample C. In addition, the temperature at which P2 
dominates P1 is higher for higher N/Ga flux ratio i.e. at about 60 K, 80 K and 120 K for 
sample A, B and C, respectively. This indicates that P1 emission could be associated with 
defects as defect density increases with increase of N/Ga flux ratio that is inferred from the 
XRD and SEM study. Note that the 3.36 eV emission has also been observed in c-plane GaN 
samples irrespective of growth techniques and has been attributed to the excitons bound to 
structural defects [19–21]. Furthermore, the GaN layer grown in nonpolar directions is known 
to have a high density of SFs [22] which play the role of luminescence centers. Liu et al. [1] 
have shown a direct correlation between the structural features associated with SFs and the 
emission peaks in the range of 3.29 – 3.41 eV in a-plane GaN epilayers. The P1 emission at 
3.36 eV appears approximately 140 meV below the band gap (Eg) of wurtzite (WZ) GaN (Eg 
≈3.5 eV [23]). Investigations of the electronic structure of SFs in WZ GaN using density-
functional-pseudopotential calculations reveal that no defect-induced states exist in the band 
gap [24]. However, SFs in GaN can form type–II quantum-well-like structures composed of 
very thin zinc-blende (ZB) layers embedded in the WZ host that can lead to an emission 
below the WZ band gap [24]. The confined electrons in the ZB quantum well layer can attract 
the holes through Coulomb interaction resulting in formation of excitons. The life time at 14 
K obtained by fitting single exponential function to the time-resolved PL spectrum of sample 
B detected at 3.36 eV is about 0.7 ns, shown in Fig. 4, which is close to the value reported for 
the quantum wells [17, 25]. Therefore, the P1 emission band occurring at 3.36 eV is attributed 
to the excitons bound to the SFs [17]. The increase in intensity of P1 emission with increase of 
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N/Ga flux ratio is the signature of increasing density of SFs. The P1 emission band shows a 
blueshift with increase of N/Ga flux ratio i.e. 3.36 eV to 3.39 eV from sample A to C, which 
could be associated with the different well widths of the quantum wells formed by SFs for 
different samples. 
 
Fig. 3. PL spectra of sample A, B and C at different temperatures. 
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 Fig. 4. TRPL spectra of sample B at 14 K detected at P1 peak energy. The red solid line is the 
single exponential fit to the data points (). 
On the other hand, the peak energy of the P2 emission band for all the samples consistently 
shows a blueshift at low temperatures and then evolves into a redshift at high temperatures 
with increasing temperature which is in strong contrast to the monotonic redshift of band gap 
energy predicted by Varshni’s empirical formula: 
 
2
( ) (0)g g
TE T E
T
α
β= − +  (1) 
It turns out that such temperature-dependent behavior is similar to the S-shaped phenomenon 
observed due to the presence of localized states randomly distributed in space and energy [26, 
27]. The variation of peak energy of the P2 emission band of sample B is shown in Fig. 5(a). 
The P2 peak energy initially shows a blueshift with increasing temperature up to 80 K. No 
significant variation of P2 peak energy is observed in the temperature range between 80 K and 
120 K. Above 120 K, P2 peak energy shows a redshift with increasing temperature. In the 
quantum-well-like structures with type – II band alignment formed by the SFs, electrons are 
deeply localized in the thin ZB quantum-well region and the holes are weakly localized in the 
SF electronic states originating from the heterocrystalline WZ-ZB interfaces [24, 28]. The P2 
emission could therefore be the result of such localization of carriers, and the temperature 
dependence of P2 peak energy can be understood as follows. As temperature increases, 
localized holes are thermalized to occupy the localized states lying towards the valence band 
top resulting in a blueshift of P2 emission band with an increase of temperature up to 80 K. In 
the temperature range between 80 K and 120 K, the blueshift due to the thermalization of 
localized holes is compensated by the redshift arising from temperature-induced band gap 
shrinkage. Above 120 K, the temperature-induced band gap shrinkage dominates and gives 
rise to the redshift of the P2 peak energy with increasing temperature. The theoretical curve 
represented by the red dashed line in Fig. 5(a) is obtained using Eq. (1), indicating that the P2 
peak energy above 120 K follows Varshni’s empirical formula. Similar temperature 
dependence of P2 peak energy is also observed for sample A and C, respectively. 
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 Fig. 5. (a) Temperature dependence of peak energy of P2 emission band of sample B is 
represented by solid circle (). The dashed line is a theoretical curve obtained from Varshni’s 
empirical formula. The two vertical dotted lines represent the data points at 80 and 120 K 
respectively. (b) Temperature dependence of integrated intensity of P2 emission band is 
represented by the solid squares (). The solid line is the theoretical fit using Eq. (2). 
The temperature dependence of the integrated intensity of P2 emission band shown in Fig. 
5(b) is analyzed in order to further understand the thermalization of localized electrons and 
holes. The integrated intensity of the P2 emission band is estimated by using curve fitting. The 
decrease of intensity with an increase of temperature is due to the thermal quenching process. 
The solid line is the theoretical fit to the data points using the following relation that is 
comprised of two nonradiative channels [29]: 
 0
1 2
1 2
( )
1 exp exp
B B
II T
E Ea a
k T k T
=     
+ − + −        
 (2) 
where I (T) and I0 are the integrated PL intensities at temperature T and 0 K, respectively. The 
coefficients 1a and 2a  are the measure of the strengths of both the thermal quenching 
processes. E1 and E2 are the activation energies at low temperature and high temperature 
regions, respectively. The fitting using Eq. (2) to the data points shown in Fig. 5(b) gives E1 = 
6.3 meV and E2 = 68 meV, respectively. The activation energy E1 (6.3 meV) in the low 
temperature region corresponds to about 74 K, indicative of the delocalization of holes above 
74 K. It can account for the suppression of the blueshift of P2 peak energy above 80 K as 
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shown in Fig. 5(a). The activation energy E2 = 68 meV in the high temperature region could 
correspond to the delocalization of electrons from the ZB quantum well region formed by 
SFs. The P2 emission at higher temperatures after the delocalization of holes could be 
attributed to a recombination of localized excitons or a recombination between electrons 
localized in the ZB quantum well region and free holes in the valence band [4]. 
 
Fig. 6. TRPL spectra at different temperatures of sample A and C detected at P1 and P2 peak 
energies. 
The time-resolved PL spectra of sample A and C having low and high N/Ga flux ratios 
respectively are shown in Fig. 6. The decay times are obtained by fitting the PL decay curves 
using single exponential function, ( ) (0)exp tI t I
τ
 
= −   ; where τ is the decay time. The decay 
times for P1 and P2 are shown in Fig. 7 at different temperatures. At low temperatures, the 
recombination process is mostly radiative in nature. In order to have clear insight on the P1 
and P2 emissions, radiative lifetime (τr) is extracted from the decay time τ by using the 
following relations: 
 r
τ
τ
η
=  (3) 
where η is the quantum efficiency. The ratio of integrated PL intensity at temperature T to that 
at 14 K can be used as a measure for quantum efficiency by assuming that the nonradiative 
channels are inactive at the lowest temperature. The radiative life times at P1 and P2 peak 
energies for sample A and C are shown at different temperatures in Fig. 7. The radiative 
lifetime varies with temperature as τr ~T 3/2 for radiative band to band recombination [30, 31]. 
The solid line represents τr ~T 3/2 fit to the data points. The radiative life time τr for P1 does not 
follow a τr ~T 3/2 dependence with temperature for all three samples, whereas the radiative life 
time τr for P2 exhibits the T 3/2 dependence at higher temperatures. These experimental 
findings indicate that P2 emission involves excitons or free carrier recombination at higher 
temperatures [31] which is consistent with the redshift behavior of P2 peak energy with 
temperature in accordance with Varshni’s formula [Fig. 5(a)]. At low temperatures, the 
variation of radiative life time of P2 with temperature deviates from a τr ~T 3/2 dependence that 
could be attributed to the localization of holes in the SF electronic states originating from the 
heterocrystalline WZ-ZB interfaces [24, 28, 30]. Moreover, the deviation of the temperature 
dependence of radiative life time of P1 from τr ~T 3/2 behavior supports the origin of P1 
emission due to excitons bound to SFs [17, 30]. 
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 Fig. 7. Variation of τ and τr at P1 and P2 peak energies of sample A and C with temperature is 
represented by the solid circles () and squares (), respectively. The solid line represents the 
T 3/2 fit to the data points. 
In m-plane GaN thin films, the unique c-axis of WZ GaN lies in the growth plane that 
results in an optical anisotropy for the light electric-field vector (E) polarized parallel (||) and 
perpendicular ( ⊥ ) to the c-axis [32]. The PL spectra of sample A recorded at different 
polarization angle φ (φ = 0° or 90° refers to E || c or E⊥ c) at room temperature is shown in 
Fig. 8(a). The integrated PL intensity and the PL peak energy at different angle ‘φ’ are shown 
in Fig. 8(b). The integrated intensity is minimum for E || c and is maximum for E⊥ c. 
The polarization ratio ‘ρ’ is defined as: 
 E c E c
E c E c
I I
I I
ρ ⊥
⊥
−
=
+


 (5) 
where E cI ⊥  and E cI   are the PL intensities for E⊥ c and E || c, respectively, and is estimated 
to be ρ ~58%. Furthermore, the PL peak energy increases as the polarization angle φ changes 
from 0° to 90° or −90° i.e. from E || c to E⊥ c. This can be understood by considering the 
electronic band structure in WZ GaN which has three closely spaced top valence bands (VBs) 
at the Brillouin-zone center (BZC): (i) heavy hole (HH) [Γ9], (ii) Light hole (LH) [upper Γ7] 
and (iii) crystal field split-off hole (CH) [lower Γ7]. For E ⊥ c, the transition dominantly 
involves the HH and LH band whereas the transition involves dominantly the CH band for 
E || c [32]. Therefore, the PL peak energy for E || c (φ = 0°) is higher than that for E⊥ c (φ = 
90°) as shown in Fig. 8(b). In addition, the PL intensity for E || c (φ = 0°) is lower because of 
the smaller thermal distribution of carriers for the CH band [33]. Similar polarization-
dependent behavior has been observed for samples B and C. The polarization-dependent PL 
study discussed above reveals that the P2 emission involves free holes in the transition at room 
temperature since PL at room temperature is predominantly the P2 emission. 
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 Fig. 8. (a) PL spectra of sample A at different polarization angles (φ) at room temperature. (b) 
Variation of integrated PL intensity and PL peak energy of sample A with polarization angle φ 
at room temperature. 
4. Conclusions 
In summary, the m-plane GaN thin films grown by plasma-assisted molecular beam epitaxy 
with different N/Ga flux ratios are investigated. The PL spectra contain two distinct 
emissions: P1 and P2. The P1 emission increases its intensity with N/Ga flux ratio and is 
attributed to the excitons bound to the SFs. The P2 shows an anomalous “S-shaped” emission 
shift with an increase of temperature. As the temperature increases, localized holes are 
thermalized to occupy the localized states lying towards the valence band top resulting in a 
blueshift of the P2 emission band with an increase of temperature up to 80 K. In the 
temperature range between 80 K and 120 K, the blueshift due to the thermalization of 
localized holes is compensated by the redshift arising from temperature-induced band gap 
shrinkage. Above 120 K, the temperature-induced band gap shrinkage dominates and gives 
rise to the redshift of the P2 peak energy with increasing temperature. The radiative life time 
as a function of temperature for P1 emission does not follow the T 3/2 dependence which 
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supports the origin of P1 emission due to excitons bound to SFs. On the other hand, the 
radiative life time for P2 emission exhibits the T 3/2 dependence at higher temperatures and 
deviates at lower temperatures. This indicates that P2 emission involves excitons or free 
carrier recombination at higher temperatures which is consistent with the redshift behavior of 
P2 peak energy with temperature in accordance with Varshni’s formula. Furthermore, the 
polarization-dependent PL study reveals that P2 emission involves free holes in the transition 
at room temperature. 
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